The switch of RNA polymeraae specificity from early to late promoters of bacteriophage T4 is achieved by substitution of host sigma factor, a , with the T4 induced factor, o* . However, overproduction of a from an expression vector is not detrimental to Escherichia coll growth. Direct competition binding assays demonstrate that a readily displaces a from RNA polymerase and thereby reverses the promoter specificity of the enzyme. The displacement also occurs with the core enzyme modified by bacteriophage T4 infection. We postulate that an antagonist of a should be formed in T4-infected cells to aid o 8P in the early/late switch.
INTRODUCTION
Coordinate gene expression in bacterial or bacteriophage development and during response to environmental stress is achieved through cascades of sigma factors which are interchangable subunits of RNA polymerase that confer upon the core enzyme specificities to different classes of promoters (1, 2) . The central element of such regulation is the act of substitution of one sigma factor by another. The biochemical parameters that govern this substitution, such as relative affinities of the sigma factors to the core enzyme, thus become the key to the understanding of how sigma cascades work.
In this work, we compared the interaction with the core enzyme of two sigma factors, o , the principal initiation factor of 15. coli, and a , the central component of the late gene transcription apparatus of bacteriophage T4. This protein, encoded by T4 gene 55 has a molecular weight of 22,000 and is sufficient to direct Z. coli core enzyme to utilize T4 late promoters in vitro (3, 4) . During T4 development, the emergence of O in the cell coincides with a transcriptional switch from early to late genes, which involves both activation of late promoters and turning off of early promoters which are normally recognized by host 0 (5). Obviously, What Is the mechanism of the substitution? The simplest model would be to
Imagine that newly synthesized a" outcompetes 0 in the infected cell by direct mass action. To address this question we analysed the competition between the two factors in vivo and in vitro.
MATERIALS AND METHODS
Bacterial Strains. O overproducing strain, M5219(pMRG8) (6) was obtained from M. Gribskov. o^P overproducing strain (7) was obtained from W. RUger.
Enzyme Preparations. Core enzymes from uninfected and T4-infected 12. coli were isolated as described previously (8) . O was purified from the overproducing cells as described (6) . Purification and properties of a°^ and the characterization of the enzyme and factor preparations used in this work are presented elsewhere (9) .
For the preparation of radioactive factors, the overproducing strains were grown in 0.5 1 of minimal M9 medium supplemented with 50 yg/ml 1-tryptophan, 50 yg/ml biotin, 0.4Z glucose and 50 yg/ml ampicillin, o -14 and heated to 42 C. After 5 min, 100 yCi of C-amino acid mixture (Amersham) was added and the cells were harvested one hour later. The radioactive factors were isolated using the same protocol as the unlabelled factors (6, 9) . The specific radioactivity of the factors was about 1,800 cpm/yg (39,600 cpm/nmol)
for o 8p55 and 7,500 cpm/yg (525,000 cpm/nmol) for O 70 .
Sigma Competition Binding Experiments. 0.28 nmoles of core enzyme was incubated with the indicated amount of the first sigma factor in 150 yl of TGED (6) containing 0.2 M NaCl for 10 min at 37°C. The indicated amount of the second sigma factor was added and the incubation was continued for another 10 min. 30 yl of glycerol was added, the sample was cooled in an ice water bath and applied to a 20 ml (0.7 x 50 cm) column of Sephacryl S-200 (Pharmacia) equilibrated with TGED + 0.05 M NaCl containing 0.1 mg/ml bovine serum albumin. The chromatography at the flow rate of 10-12 ml/h was performed at 4 C. 0.33 ml fractions were collected, mixed with Aquasol (New England Nuclear) LSC Cocktail and the radioactivity was counted. The identity of the proteins in the radioactivity peaks was confirmed by analysing the fractions by SDS gel electrophoresis.
Runoff Transcription Assay. Tlie transcription system contained 40 mM
Tris-HCl, pH 7.9; 10 mM MgCl 2 ; 50 mM KC1 and 7 mM 2-mercaptoethanol. In a 100 yl reaction, RNA polymerase (5 yg) was preincubated with P7-8 template DNA fragment (50 ng) in the presence of 0.25 mM of the priming dinucleotide, UpG.
After 15 min, poly dA-dT at 100 gg/ml was added and prelncubatlon continued for another 3 min. Transcription was initiatied by adding the four nucleoside triphosphates to a concentration of 5 pH each, maintaining the specific radioactivity of [ P]UTP at about 2 Ci/mmole. After 15 min at 37°C, nucleotide concentration was raised to 0.4 mM each and the incubation continued for another 10 min. The reactions were stopped, the samples processed and analyzed in 10Z
polyacrylamlde slab gels containing 8 M urea as described previously (10).
RESULTS

Competition Between the Two Initiation Factors in vivo
The scheme of sigma displacement based on simple ipass action predicts that overproduction of a in 12. coll would be detrimental to the cell because the excess of the viral factor would titrate the core enzyme and make it unavailable for the utilization of host promoters by 0 . Contrary to this prediction, we found that the overproducing strain carrying pLHg55 forms colonies and lawns at 42 C when plasmid-borne gene 55 is fully induced. In Transcripts made on the P7-8 fragment by holoenzymes assembled from E. coli core (E) and indicated sigma factors. After assembly period (E incubated with the first Sigma factor for 10 min at 37°C) the second sigma factor was added where Indicated for another 10 min, followed by runoff transcription assay. The molar ratio of E to the first factor to the second factor was 1:1:5. C. Same as B, using core enzymes from uninfected (E) or T4-infected (E*) E. coli.
Displacement of o 81 * by o Changes Promoter Specificity
The in vitro runoff transcription system using purified DNA fragment P7-8 as template (9) is employed in our laboratory for the functional assay of the two factors. As is shown in the scheme of Fig. 2A , the template fragment contains two major transcription start sites responding to the two sigma factors. The rightward O -dependent promoter, P , gives rise to a Li 78 nucleotide long runoff transcript (Fig. 2B, Lane 3) . The leftward promoter, P , gives rise to a runoff product about 95 nucleotides long (Fig. 2B, 
Lane 2). (Traces of this transcript found in Ecr
81
" product (Fig. 2B, Lane 3) are probably due to a slight contamination of our core enzyme with 0 ). Neither of the promoters is utilized by the core enzyme alone (Lane 1).
When an excess of 0 was added to preformed Eo holoenzyme before 
Exchange of Sigma Factors on T4-Modifled Core
The failure of CT^ to compete with the host factor raises the question of its mode of action in vivo in TA-infected bacteria. One possibility is that other T4-induced modifications of RHA polymerase , which are not present in our in vitro assay, increase the affinity of 0 to the core enzyme. Accordingly, we repeated the factor competition experiment using the core enzyme isolated from T4-infected cells. This core enzyme contains two modifications whose function is not known: it carries the 15,000 dalton T4
rpbA .gene product (12) , and its ot-subunits are ADP-ribosylated by T4-specific enzyme (8). As is evident from Fig. 2C , host sigma factor displaces o from T4-modified holoenzyme as easily as from unmodified polymerase.
DISCUSSION
The principal finding of this research is that the major sigma factor of Z. coll, o , readily displaces the substitute factor, T4-specified from RNA polymerase holoenzyme in solution. The same conclusion was reached Recently it was reported that a can also displace from the holoenzyme T 32 a , the initiation factor of E. coli heat shock genes (18) . This observay tion is consistent with the evidence that o is present in non heat-shocked 15. coli without causing transcription of heat shock genes (19, 20) . Hence its placement upon core enzyme during heat shock response could i be achieved not through simple mass action but with the help of an additional factor(s). On the other hand, the expression of O^, the L sporulation factor from j). aubtilis, appears to be lethal for E_. coli cells » (21). The authors suggest that successful competition with a is responsible for this effect. All sigma factors share a homology region capable of folding into a beta sheet which was postulated to be the core binding site (22) . It would be interesting to know whether the differences in the amino-acid sequence in the presumed core binding domains of these factors are responsible for their displacement relationships. We intend to use in vitro mutagenesis of T4 gene 55 to test this possibility.
